Abstract: PBT sheets were extruded from T-die using a single extruder and were winded by a take-up roller controlled at 50 0 C and with speed at 1.2 m/min. Oriented PBT sheets were prepared with various winding roll speeds at 3.6, 4.8 and 6.0 m/min. Fine structure and physical properties of PBT sheets thus obtained were investigated by measuring the molecular orientation, crystal structure, dynamic visco-elasticity, thermal and mechanical properties, sonic modulus, etc. PBT melts were found to be readily crystallizable in the sheet. In the case of roll drawing, the DR max of PBT sheet was 5. The PBT sheets prepared from winding speed at 6 m/min showed polymorphism of both α-and β-form crystallites with crystallinity of about 24%. In the tri-directional WAXD patterns, the PBT sheets by the roll drawing method turned out to be oriented in the uniplanar-axial form. For the roll drawn PBT sheets with various winding speeds, large orientation effects were observed in the winding direction together with improved thermal and mechanical properties.
Introduction
PBT is a semi-crystalline polymer of industrial importance since, when oriented it has a variety of applications in film, fiber or bottle form. Orientation can be produced using many techniques, including tensile drawing, roll drawing, blow molding and solid state extrusion [1~2] .
Drawing can be done in essentially three different ways [3] : (a) a single piece of material, in the form of a fiber or sheet is drawn in a tensile test machine. This process is often used for our studies [4] [5] [6] [7] , (b) as a continuous process: a continuous filament or sheet passes through two sets of rolls. The stretching rolls rotate at a higher speed than the feed rolls and the ratio of the speeds controls the draw ratio. In the commercial drawing fibers, the neck is localized by a heat roller over which drawing takes place and the fibers may be heat set by passing over a heated plate before being wound up, (c) die drawing: In this process the sample is pulled, not pushed, through the die. The important difference here is that the type of stress applied is quite different.
Roll drawing has been of great interest to this group. The relationship between the major processing parameters and the resulting oriented material structure and properties of PET were studied [8] . It was shown that orientation could be increased by increasing the roll speed, or by reducing the roll gap. A feature of the process, which was observed but not examined in detail, was the significant loss of orientation due to relaxation.
The roll drawing process in solid phase [9] promises to become the lowest cost approach for the production of ordered plastics and has the virtue of being applicable to most commercial thermoplastic resins. Of course, the solid phase processing is a well-known process in the packaging industry, where it has been used extensively for the mass production of rigid containers and bottles for many years.
In this study, an attempt has been made to adapt the roll process to the economical production of high modulus PBT sheet. We describe a study of the formation of PBT sheets prepared from T-die extruder and of the application of the uniaxial roll-drawing process with various winding speeds. Fine structure and physical properties of the resulting PBT sheets were investigated by measuring the molecular orientation, crystal structure, dynamic visco-elasticity, thermal and mechanical properties, sonic modulus test, etc. Figure 1 shows the appearance of PBT sheets with various winding speeds. It was observed that a PBT melt extruded at 255 0 C into air was transparent just after it emerged from the die. After seconds in air, it suddenly turned hazy. Extruded PBT sheets were stretched from 3.8 m/min to 6.0 m/min. The resultant PBT sheets became transparent with increasing winding speed. The draw ratio is in proportion of V, winding speed to V 0 , preheating roll speed. The maximum of draw ratio is 5 ( Figure 2 ). Table 1 presents characteristics of PBT sheets with various winding speeds. The thickness of original PBT sheets became about 440 m. With increasing winding speed, the thickness of resultant PBT sheets was changed from 230 m to 140 m. At this point the rate of reduction in thickness was increased from 46 to 67%. It was observed that thickness of PBT sheet prepared by roll drawing was a dominant factor in determining the optical clarity of the sheets produced. A decrease in thickness increased the transparency of resultant sheets and decreased fluctuation of thickness. At sheet thickness above 200 m, the sheets were hazy and distorted in appearance, and fluctuated in thickness with a standard deviation of about 4%. Some sheets exhibited the local haze. Uniformly transparent sheets were produced at sheet thickness below 140 m in this experiment. These sheets were quite uniform in thickness with standard deviation of about 1.5%. 
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Density and crystallinity
Changes of the density and crystallinity of PBT sheets with various winding speeds are shown in Table 2 . The crystallinity of original PBT sheets was confirmed to be about 12%. With increasing winding speed, the crystallinity of the resultant PBT sheets was increased above ca. 24%. As the winding speed became higher, the draw ratio increased and strain-induced orientation occurred. Therefore, the increase in crystallinity can be attributed to the strain-induced crystallization. [10] . In the case of transmittance mode, the crystalline reflection was also developed. The diffraction intensity was independent of the scanned direction. That is, the original PBT sheet was in an isotropic state without any preferred orientation. reflections, respectively, of β-form crystal [10] .
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In equatorial scan (Figure 4 (a)), the (010) and (100) peaks were distinct in the through directional scans. In the case of through directional WAXD patterns, as the winding speed increased above 4.8 m/min, the (100) peak was developed. At a winding speed 6.0 m/min, the (010) peak was developed rather than the (100) peak.
In meridional scan ( Figure 4(b) peaks were intensified. As the winding speed increased to 6.0m/min, the ) 06 1 ( peak appeared. This result may suggest that the number of β-form crystals in drawn PBT sheets is increased at higher winding speeds (≥ 6.0m/min). Figures 5~6(a) presents the edge (ED) and end (EN) directional WAXD patterns of PBT sheets with various winding speeds. Compared with through directional WAXD patterns, in the edge and end directional scan, an increase in winding speed to 6.0 m/min caused the (100) peak intensity to be strengthened. As the winding speed increased, the crystal of PBT film turned to be an anisotropic state.
Orientation Table 3 presents the values of the crystal orientation function (f c ) of PBT sheets with various winding speeds. As the winding speed increases, the f c values for both (010) and (100) reflections increase. Crystal orientation of PBT sheets for through and edge directions increased compared to that for end direction. The ratio of the long axis to the short axis in the ellipsoid orientation pattern is designated as MOR (microwave orientation ratio). Table 4 summarizes the MOR values for drawn PBT sheets with various winding speeds. The values of MOR and birefringence (∆n) increased with increasing winding speed.
In the case of PBT sheets with winding speed of 6 m/min, while the (100) reflection disappeared, the (010) reflection appeared in the through directional WAXD patterns.
In the edge and end directional WAXD patterns, the intensity of (010) reflection was weak and the intensity of (100) reflection was strong. The unit cell of PBT crystalline is triclinic, so the (010) and (100) planes are parallel to c-axis of chain. On the other hand, in the end directional WAXD meridional patterns, only the (010) reflection was shown.
The conceptional model for orientation of the crystalline of PBT sheets with the roll drawing method is shown in Figure 8 . This model was based on the results of the WAXD patterns, f c and MOA.
With an increasing winding speed, the (100) plane including the benzene ring was parallel to the sheet surface and the c-axis of crystalline was also parallel to the winding direction. That is, the crystal of PBT sheets by the roll drawing method became oriented in a uniplanar-axial form. The end directional WAXD patterns of PBT sheets were oriented in a uniplanar-axial (or double orientation) form which seemed to be due to the planar zigzag conformation of molecules. Figure 9 shows the comparison of values of storage modulus (E') and tan δ (the ratio of the loss-to-storage modulus) describing the dynamic viscoelasticity of polymers for PBT sheets prepared from various winding speeds. They offer a means of characterizing the crystallization and orientation effects in sheets over a wide temperature range. The T g region of original PBT sheets or α relaxation, is located at approximately 60 0 C. The height of the tan δ peak is related to the proportion of noncrystalline region. With increasing winding speed, the T g value increased and the height of the tan δ peak decreased. Especially, at the winding speed of 6 m/min, this tendency was shown clearly. The position of tan δ peak for the α relaxation is associated with the T g of PBT in the non-crystalline phase. The change (decrease) of the height of tan δ with increasing winding speed indicates that the thermal motion of the non-crystalline chains was restricted by chain orientation or orientation induced crystallization.
Dynamic viscoelasticity
In the sub-zero temperature, some sub-chain or local chain movement, i.e. β relaxation, occurred at about -80 On the other hand, the β relaxation is not directly related with the molecular orientation, so the activation energy was found to be ca. 45~53 kJ/mol. Since the α relaxation is associated with large scale motions of the chain backbones whereas the β relaxation involves local motions of various chemical groups, it is reasonable to 1000/T (K Thermal properties Figure 11 presents DSC thermograms of PBT sheets with various winding speeds and shows the values of the melting temperature (T m ) and the heat of fusion (ΔH) of samples as measured by DSC. With increasing winding speed, the shape of endothermic thermograms is sharpened and endothermic peak temperatures are slightly shifted to higher temperatures. At higher winding speeds, the crystalline structure of PBT sheets was developed by the strain-induced crystallization.
Temperature 
Mechanical properties
Young's modulus can be determined using a mechanical testing machine or a dynamic testing machine that, as described previously, imposes a dynamic strain and measures a dynamic stress. In addition, the sonic modulus can also be measured using sonic vibrations [11] . Table 6 shows the sonic modulus, (ultimate) stress and strain of PBT sheets with various winding speeds. With increasing winding speed, the values of sonic modulus increased from 2.1 GPa to 4.2 GPa. As compared with the values of E' at 25 0 C (Figure 9) , the values became very high. The sonic modulus is a measure of the high-frequency modulus. Hence, it is equivalent to that measured at very high strain rates. So, it is generally greater than a modulus value measured using a different mechanical testing machine. As the winding speed increases, the values of stress increase, but the values of strain decrease. For the roll drawn PBT sheets with various winding speeds, large orientation effects were obtained in the winding direction with improved thermal and mechanical properties. 
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Conclusions
In this study, an attempt has been made to adapt the roll drawing process to the economical production of high modulus PBT sheet. PBT sheets were prepared from T-die extruder and applied to the uniaxial roll-drawing process with various winding speeds. Fine structure and physical properties of PBT sheets were investigated by using the densitometer, WAXD, MOA, DMTA, DSC, sonic vibration, tensile tester, etc. PBT melts are found to be readily crystallizable in the sheet. In the case of roll drawing, the DR max of PBT sheet is 5. PBT sheets prepared from the winding speed at 6 m/min showed polymorphism of the both α-and β-form crystallites with crystallinity of about 24%. From the tri-directional WAXD patterns, the crystalline structure of PBT sheets due to the roll drawing was found to be oriented in a uniplanar-axial form. For the roll drawn PBT sheets with various winding speeds, large orientation effects were obtained in the winding direction alongwith improved thermal and mechanical properties.
Experimental part
Materials
A PBT pellet was a Duranex ® 700FP obtained from Polyplastics Co. Ltd. The chips had an intrinsic viscosity (IV) of 1.14dl/g and melt index (MI) of 12 g/min at 255 0 C. PBT chips were dried in a vacuum oven at 120 0 C for at least 24 hours before use.
Sample preparations
PBT sheets were extruded from T-die using a single extruder (LABOPLASTOMILL, Toyoseiki Co.), after the pellets were dried at 130 Wide angle X-ray diffraction (Rigaku Denki Co. Ltd) experiments were carried out by using a Ni-filterd Cu-Kα radiation (40kV, 20mA). WAXD profiles were recorded along the equatorial and meridian directions by using a fiber specimen attachment by a scintillation counter and pulse height analyzer. The X-ray beam was irradiated in a normal direction to the film surface (Through direction, TH), along the edge direction (ED) and the drawing direction (End direction, EN), as shown in Figure 13 .
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The crystal orientation function was evaluated from the azimuthal intensity distribution of well-resolved equatorial reflection lines from the (010) and (100) planes, and their quantities were calculated as follows:
where B° is the half-width of the intensity distribution of the (010) and (100) planes on the equator.
Although this approach is clearly an approximate method to determine the average crystalline orientation factors of both α and β forms, it seems justified since it is relatively simple to apply and provides useful results. The crystalline peaks were fitted with modified Lorentzian profiles [12] . Scans of the equatorial region were also fitted with four crystalline peaks. Dielectric measurements at microwave frequencies (f) were carried out by means of a microwave molecular orientation analyzer (MOA-3020A, New Oji Paper Co. Ltd.). Information about the orientation in the sheet plane could be obtained [13, 14] .
The dynamic-mechanical behavior of the sheets was analyzed in a sinusoidal oscillation using a non resonant forced-vibration type viscoelastometer(Rheovibron, Model DDV-25FP, Orientec Co.). Measurements were performed at a heating rate of Frequency-temperature superposition scheme is applicable to activation energy of β relaxation as well as to activation energy of α relaxation. That is, an equation (3) of the following Arrhenius form is assumed [15] :
where f: frequency, A: pre-exponential factor, ΔE: activation energy (kJ/mol), T: maximum loss temperature in constant frequency (K), R: gas constant (8.20562 J/kmol).
The thermal behaviors of PBT sheets were investigated using differential scanning calorimetry. DSC measurements were carried out over the temperature range 30 The sonic velocity of the sheets was evaluated by a sonic propagation method at room temperature using a pulse propagation meter, Rheovibron DDV-5-B (Orientec Co.). The sonic modulus (E) was calculated from the sonic velocity (c) at 10 kHz and the density (ρ) of the sheet using the equation (5). 
Tensile testing was performed using an Instron AGS-500D (Shimadzu, Japan) at room temperature. The clamp length and the test speed were set, respectively, at 20 mm and 20 mm/min. Five samples were tested at each condition and the measured results were averaged.
